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Abstract. We are developing superconducting tunnel junction (STJ) soft X-ray detectors for chemical analysis of dilute
samples by fluorescence-detected X-ray absorption spectroscopy (XAS). Our 36-pixel Nb-based STJ spectrometer covers
a solid angle Q/4m ~ 107, offers an energy resolution of ~10-20 eV FWHM for energies up to ~1 keV, and can be
operated at total count rates of ~10° counts/s. For increased quantum efficiency and cleaner response function, we have
now started the development of Ta-based STJ detector arrays. Initial devices modeled after our Nb-based STJs have an
energy resolution below 10 eV FWHM for X-ray energies below 1 keV, and pulse rise time discrimination can be used to
improve their response function for energies up to several keV. We discuss the performance of the Ta-STJs and outline
steps towards the next-generation of large STJ detector arrays with higher sensitivity.
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INTRODUCTION

Superconducting tunnel junctions (STJs) are being developed as energy-dispersive soft X-ray detectors, because
they combine the high energy resolution of low-temperature detector technology with the comparably high count
rate capabilities of non-thermal devices [1]. In synchrotron science, these characteristics make STJ X-ray detectors
attractive to study the chemistry of dilute samples by fluorescence-detected X-ray absorption spectroscopy (XAS).
STJs are preferred whenever silicon or germanium detectors lack energy resolution, and grating spectrometers lack
efficiency. In practice, this means STJs are favored for fluorescence-detected XAS in the soft X-ray band below
~1 keV where the light-element K-edges and transition metal L- and M-edges lie [2].

The most mature superconducting devices today are based on niobium (Nb) and aluminum (Al) films. Nb is
often preferred because it is the elemental superconductor with the highest critical temperature Tc(Nb) = 9 K and
thus enables device operation in a liquid He bath at 4.2 K. Al is favored because it grows a comparably rugged oxide
Al,O; that can provide a high-quality pinhole-free tunnel barrier. Nb-Al junction technology was developed in the
1980’s when superconducting logic was considered a viable alternative to supersede Si-based circuitry, and the Nb-
based STJ detectors we have been using are a direct outgrowth of this effort. Our detectors have achieved an energy
resolution between ~2 eV FWHM at 70 eV and ~9 eV FWHM at 1 keV [3], and have been operated successfully at
the ALS synchrotron at count rates up to ~30,000 counts/s per pixel since 2001 [4]. However, for X-ray detection
Nb is not the ideal material. Its moderately low atomic number Zy, = 41 translates into only moderate absorption
efficiency, and produces a line-splitting artifact that limits operation of Nb-based STJs to energies below ~1 keV. In
addition, devices with lower T have smaller energy gaps A and thus offer potentially higher energy resolution.
Tantalum (Ta) and lead (Pb) based STJ detectors have been built, with a resolution between 2.6 eV FWHM at 400
eV [5]and 12 eV at 6 keV [6], but their design led to slower pulses that were less suitable for synchrotron science.

We have now started an effort to develop STJ X-ray detectors based on Ta-Al thin film technology. The devices
were fabricated at STAR Cryoelectronics, and tested at Lawrence Livermore National Laboratory. Here we present
the characteristics of initial Ta-based STJ detectors that were modeled after our current Nb-based devices, and
discuss their dc and pulse detection characteristics. The results suggest future modifications in the detector design to
further improve the sensitivity of STJ spectrometers for synchrotron science.



TANTALUM VS. NIOBIUM-BASED STJ DETECTORS

STJ X-ray detectors consist of two superconducting electrodes separated by a thin insulating tunnel barrier. X-
rays absorbed in one of the electrodes excite free charge carriers (“quasiparticles”) above the superconducting
energy gap A in proportion to their energy, and the resulting increase in tunneling current provides a direct measure
of the X-ray energy (fig. 1a). The small (~meV) energy gap translates into high energy resolution, and the short
(~ps) quasiparticle recombination time T, ensures count rate capabilities above 10,000 counts/s per STJ detector
pixel. For increased efficiency, a low-gap superconductor (usually Al) is used to trap quasiparticles from the
absorber into a volume close to the tunnel barrier. Quasiparticle can tunnel multiple times at a rate 1/ty, until they
recombine after T, each transferring charge in the same forward direction and thus increasing the signal charge by
a factor <n> = Tty (fig. 1a, green arrows). Quasiparticles that have not scattered below A+ eVy,;,s in the electrodes
can also tunnel against the bias, thereby reducing the signal and adding noise (fig. la, red arrow). Statistical
fluctuations in charge generation and tunneling limit the energy resolution of STJs to
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Here € = 1.7A is the energy to create a single excess quasiparticle [7], F = 0.2 is the Fano factor that describes the
fluctuation in the initial charge generation [7], 1+1/<n> accounts for the noise due to charge multiplication [8], and y
is the fraction of quasiparticles above A+eVy;, that can tunnel against the bias [9].

Nb-based STJs tend to suffer from the fact that one of the native oxides (NbO) is a superconductor with a low
critical temperature Tc(NbO) = 0.5 K whose small gap traps quasiparticles away from the tunnel barrier (fig.1a, red
arrow). Surface oxides thus lead to a shorter quasiparticle recombination time T, a reduced signal and increased
noise (eq. 1). In addition, the energy gap in tantalum At, = 0.7 meV is smaller than the gap in niobium Ay, = 1.55
meV, and Ta-based STJs can therefore have a ~50% higher energy resolution. But most importantly for synchrotron
science, Ta is preferred because its high atomic number Zt, = 73 extends the energy range of operation, and reduces
X-ray absorption in the bottom electrode that leads to a line splitting artifact [8, 10]. The drawbacks of Ta are that
that the ~2x lower energy gap requires a ~2x lower operating temperature to reduce the thermal leakage current, and
that the longer quasiparticle recombination time T, reduces the maximum count rate.

As a first test, we have fabricated a set of Ta-based STJ detectors with the same nominal characteristics as the
Nb-based STJ detectors that have produced the best results in our work since the 1990s [11, 3, 12]. They consist of a
265 nm Ta bottom film, an AI-AlOx-Al tunnel junction with 50 nm Al traps, and a top 165 nm Ta X-ray absorber.
The goal was to produce junctions with small leakage current Ip;,s and high dynamic resistance Rgy, for low shot
noise (2eriaS)1/2 and low FET noise contribution e, rer/Rayn [13]. The devices were cooled to <0.1 K in an adiabatic
demagnetization refrigerator (ADR) and exposed to X-rays from a two-stage X-ray tube. Figures 1b and 1c show the
dc I(V) characteristics for a Nb and Ta STJ of similar size (blue), and their responsivity as a function of bias (red).
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FIGURE 1. (a) The band diagram illustrates charge flow in an STJ. Quasiparticles excited above the gap A in the Nb or Ta
absorber are trapped into the Al by inelastic scattering, and produce a current signal by tunneling across the barrier (green
arrows). NbO at the detector surface produces unwanted trapping sites, and quasiparticles above A+eV can tunnel against the bias
(red arrows). The density of quasiparticle states (grey) diverges at the gap. (b) Signal vs. bias in a 70 x 70 pm?* Nb STJ. (c) Signal
vs. bias in a 67 x 67 pm” Ta STJ. Both Nb and Ta STJs have a 165 nm top absorber film, a 265 bottom film, and 50 nm Al traps.



For voltages Vs < A, the dc bias current increases roughly exponentially as expected for negligible thermal
currents, with a residual dc Josephson current close to V = 0 and several Fiske mode resonances at higher voltages.
Since the Ta energy gap Ar, is smaller than Ay, and the Al gap is therefore smaller in the Ta-STJ due to the
proximity effect, its leakage current increases at a lower voltage. But in contrast to Nb-based STJs, whose I(V)
characteristics remain stable over many days during operation, the dc current in Ta-STJs can vary between different
demagnetization cycles. This is, despite cryoperm shields around the ADR magnet and the STJ detector, likely due
to magnetic flux trapping in the Ta films, which go through the superconducting transition around ~4 K when the
magnetic field of the ADR is near its peak of ~4 T. The limiting leakage current, i.e. the current with the least
amount of trapped flux, generally increases with Ta-junction size as expected, e.g. from ~2 nA for (25um)” STJs to
~15 nA for the (67pm)® STJ and to ~150 nA for (138um)* STJs at Vipi,s = 200 pV. But the variability of the leakage
makes it difficult to assess whether it is due to imperfections of the tunnel barrier or trapped flux (in which case the
leakage should roughly scale with area), or leakage along the junction edges (in which case it should roughly scale
with circumference). In either case, these Ta STJs have sufficiently low leakage currents for low noise operation,
with a measured current noise between ~0.2 and ~0.4 pA/NHz for frequencies below 100 kHz.

For Nb- and Ta-STJs the response to X-rays changes as a function of bias voltage Vi, (figures 1b and 1c). Two
competing effects contribute to this observation. One is that quasiparticles that have not scattered below A+eVy,,s in
the Al traps can tunnel both with and against the bias (fig. 1a). As Vy,s is increased, the fraction of quasiparticles
that can tunnel against the bias decreases and the signal increases. Secondly, the density of quasiparticle states in a
superconductor diverges at the gap, and decreases over an energy of ~A to its normal metal value [14]. For higher
bias, the density of states to tunnel into therefore decreases and the signal decreases again. The signal in the Ta-STJs
peaks at a lower voltage than in the Nb-STJs, since the energy gap Ar, is smaller than Ay,

We have exposed the Ta STJ to X-rays from a Cu target on an Al holder in a two-stage X-ray tube, and
processed the signals with a 4 pus Gaussian filter. The spectrum has an energy resolution around ~10 eV FWHM for
X-ray energies up to ~1 keV, and increasing slightly at higher energy (Figure 2a). This is comparable to our Nb-
STJs, and sufficient to resolve all soft X-rays for fluorescence-detected XAS. Note that the response to C and O K
X-rays consists of a single peak, while the Cu L and Al K lines are accompanied by secondary peaks at slightly
lower energies due to X-ray absorption in the bottom Ta film. Interestingly, in Ta-STJs these secondary peaks occur
at Jower energies than the main line, as opposed to Nb-STJs where they occur at higher energies [8 10]. This is
because phonon loss into the Si substrate during the initial charge generation reduces the signal from the bottom
electrode, while in Nb-STJs the charge loss into the low-gap NbO surface oxides dominates.

The different thickness dr, of the two Ta films causes the signal rise times for absorption events in the top and
bottom electrode to differ, since the trapping rate into the da; = 50 nm Al films scales with the fraction of time
da/(dartdr,) that the quasiparticles spend in the Al film while diffusing through the Ta-Al bilayer. X-rays absorbed
in the Si substrate produce even slower signals due to the finite photon propagation speed (figure 2b). This can be
exploited to improve the spectral purity of the response by selecting only those signals with a rise time <1.1 ps. The
resulting spectrum (figure 2¢) no longer suffers from the line splitting artifact, and has a lower spectral background
between the lines due to the removal of substrate events. This increases the sensitivity for detecting weak X-ray
emission lines from dilute samples in XAS at the synchrotron.
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FIGURE 2. (a) Soft X-ray spectrum of a (dirty) Cu target on an Al holder taken with a (63 pm)* Ta-STJ. (b) The pulse height vs.
rise time scatter plot shows that X-rays absorbed in the bottom Ta layer or the Si substrate produce pulses with longer rise times
than those absorbed in the top Ta film. (c) Soft X-ray spectrum of the Cu target limited to pulses with a rise time <1.1 us. The Cu
L1 and Al K, line splitting artifacts at ~900 eV and ~1420 eV, and the substrate events below C K are removed.



DISCUSSION AND OUTLOOK

The fabrication of high-quality Ta-based tunnel junctions is a significant step towards the next generation of STJ
soft X-ray spectrometers. Their energy resolution of ~10 eV FWHM for energies up to ~1 keV is already sufficient
to effectively separate all elemental soft X-ray fluorescence lines. Their signal decay time of ~30 us, while ~10x
slower than the decay times in our current Nb-STJs [4], should still allow count rates of ~5000 counts/s per pixel,
and be sufficient to handle the fluorescence flux at most beam lines, even at 3 generation synchrotrons.

The use of these Ta STJs at the synchrotron now requires increasing their efficiency. The first step towards this
goal is to increase the effective area per pixel without increasing the leakage current. Our current Nb-STJ arrays
have (200 um)?* pixels, limited by the spacing of the Fiske mode resonances, and this should also be attainable for
Ta-STJs. Since the devices are fabricated by photolithography, the scaling to arrays is comparably straightforward,
and the cryostat for operating 112-pixel arrays has already been built [15]. This would increase the sensitivity for
XAS on dilute samples from currently ~hundreds of ppm to ~tens of ppm, depending on the fluorescence yield at the
absorption edge under investigation.

Further improvements in detector performance are possible with an increase in Ta absorber film thickness,
provided that an associated increase in film stress does not degrade the quality of the tunnel barrier and increase
leakage current and noise. In addition, initial experiments at the synchrotron will reveal details of the spectral
background between the lines that often determines the detection limits for elements whose emissions are nominally
well resolved from the stronger X-ray lines.
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